In closed chain mechanisms, internal forces can be generated and controlled by adding redundant active joints on the links. The internal forces do no work but have effect on the total stiffness of the mechanisms. The stiffness of a closed chain mechanism can be changed by internal forces without changing its inherent stiffness. The effect of the internal forces depends on the magnitude and mode of the internal forces as well as the change in the configuration of the mechanism. In this study, we explain how to achieve the compliance control in certain directions of motion and change the compliance center by properly generating internal forces for the selected configurations of a planar closed chain mechanism with one redundant actuation.
Introduction
The terms "compliance" and "compliance center" are mostly used in assembly like applications where at least two parts have to be mated. In such cases it is important to locate the compliance center at a desired point and provide the appropriate compliance such that the objective task can be accomplished.
One way to locate the compliance center at a desired place and to provide the required compliance is to control the joint compliances simultaneously as suggested in Refs. 1) and 2). However, the required compliance can not always be achieved adequately due to the time delay in digital controllers and due to the limit on the compliance of the joints for the stability problems. Therefore, in the cases where the manipulators are required to perform fine motions, structural compliance devices like compliance wrist or RCC (Remote Center Compliance) are used. The RCC devices put the compliance center at the known location and provide the required compliance. The disadvantage of this devices is that, they are not programmable. They are suited for only the tasks that they are designed for. Parts with different geometries and different rigidities require different RCC devices. Apart from these physical compliance devices, in this paper we show that, internal forces can also be used to provide the required compliance and locate the compliance center at a desired location without changing the compliance of drive systems.
Although the internal forces that balance within the mechanisms do not contribute to the resultant force, they affect the stiffness of the mechanisms. The principle of the internal force effect on the stiffness of the closed mechanisms is extensively analyzed in Ref.
3). The analysis for redundantly actuated parallel manipulators can be seen in Ref. 4) . Stiffness generation in overconstrained mechanisms has also been studied in Refs. 5) and 6). However, these works suggest but do not deal with the utilization of the internal forces in practical applications clearly.
There are also several studies in the field of grasping by multi-fingered hands in which the internal forces affect the stiffness of the grasping7)-10). The internal forces here are the grasping forces exerted by the fingers on the object. In these studies, the common conclusion is that, increasing the grasping forces may turn the grasp from a stable one into an unstable one due to the negative stiffness generated by these forces. In such cases, it has been suggested to increase the stiffness of the joints and/or fingertips to secure the stability. As indicated in Ref. 6) , by adding sufficiently enough number of redundant actuators, the compliance of a closed chain mechanism can be actively controlled at any instant during the motion and the compliance center can be located anywhere on its end effector.
However, to manage this requires six redundant actuators in addition to three actuators to drive the mechanism in 2D plane. This number increases to twenty one redundant actuators for 3D space. This is practically not feasible as it causes excess energy consumption and requires long controlling time as well as the placement of so many actuators. Therefore, for practical purposes it is necessary to reduce the required number of redundant actuators to reasonable numbers. This is essentially a design problem.
It can be achieved by carefully considering the geometry of the mechanism.
In our previous study3), we defined the internal forces in closed chain mechanisms as "the force components that balance within a mechanism and do not produce any resultant force while the mechanism is at the equilibrium state and there is no external force acting". Based on this assumption we consider the internal forces that are generated by redundant actuation only.
Here in this study we used the internal forces in a planar closed chain mechanism to achieve the compliant motion and to locate the compliance center near the desired point while keeping the compliance of the drive systems unchanged. We utilized suitable geometrical configurations that reduce the number of non-zero compliance elements and eliminate the dependency between these elements. By this way we can control the elements of the compliance matrix which are related to the rotational motions via internal forces generated by only using one redundant actuator. Then we showed the existence of a selective range for the compliance center by generating appropriate internal forces.
Compliance of a Closed Chain Mechanism
The compliance of a mechanism, whether formed of an open or a closed chain, is generally due to the stiffness of the drive systems, transmission elements, links and in the case of contact, the stiffness of the environment as well. For the closed chain mechanisms, the internal forces are another factor that determine the overall compliance. Without considering the effect of the internal forces, the compliance due to the drive systems, that is, the compliance due to the active joints dominates the other factors.
Therefore, usually the compliance of a robotic mechanism is attributed to the compliance of the drive systems only. Here, we will consider the compliance which is due to the drive systems and internal forces.
To distinguish one from the other, we will call the compliance due to the drive systems as the "inherent compliance". Although, in general the drive systems that generate the compliance of the mechanisms are controlled in joint space, the majority of the tasks performed by the robotic mechanisms take place in the work space coordinates. Therefore, it is necessary to represent the compliance of a mechanism in its work space, i.e., in the end effector coordinates.
Throughout this study, for convenience in mathematical procedure, instead of compliance we will use the term "stiffness" (the inverse of compliance). Here, we will shortly explain the principle of stiffness generation due to the internal forces based on our previous papers 3) and 4). Substituting eq. (6) into (5) yields the stiffness of the mechanism at equilibrium state is the inherent stiffness of the mechanism defined at the end effector. Note that, we neglect the stiffness that may arise due to the flexibility of the structure of the mechanism, and assume that the inherent stiffness is the stiffness provided at joints.
is the additional stiffness due to the effect of internal forces on the stiffness of each arm (see Fig. 2 (a)). Equation (9) can also be written as on the ith arm due to the internal force fIi.
is the direct effect of the internal forces on the stiffness of the floating link (see Fig. 2 (b) ).
The stiffness terms in eqs. (10) and (11) are called as "the effect of changes in grasp geometry" in Ref.
9).
Although the equations above are written for a planar closed chain mechanism, by small changes they can also apply to general spatial closed chain mechanisms. The total stiffness in eq. (7) which was derived for matrix with six variable elements. In order to control all these elements independently by means of internal forces while keeping the inherent stiffness unchanged, we need six redundant actuators to generate the required internal forces6). This is practically not feasible. In practical applications as in the case of assembly operations, we need not to control all the elements of the compliance matrix. In assembly operations, where at least two parts are in contact, the most critical motions are in the form of small rotational movements. In majority of the cases as in the case of peg-in-hole insertion, the translational errors are converted into the rotational errors (Fig. 3) . This indicates that, the control of compliance elements for the rotational motions are primarily important. Especially in assembly applications, the successfulness of the task is almost totally dependent on the accuracy of the rotational movements. Therefore, the emphasis in this study is given to the utilization of the internal forces in the control of the compliance elements for the rotational motion only.
Assuming that the two arms have the same link lengths and same joint stiffnesses, we can combine the arms in different ways to form a closed chain mechanism as shown in Fig. 4 . From eqs. (8) and (9), ke and From eqs. (9) and (11), the total change in rotational stiffness due to the internal forces is, mechanism at the end effector computed from eq.
then, the end effector will attain a very high rotational compliance which is quite useful during assembly operations. Note however that, while maintaining eq. (15) an additional condition must be satisfied in order to secure the stability of the motion. For the quasi-static motion, the dependency only changing the internal forces. Since the inherent always. Therefore, to achieve the condition in eq.
(15) we must have The internal force fI must not violate eq. (16) and must be within the allowable range limited by the characteristics of the mechanism. Therefore, the geometrical configuration of the mechanism at which the compliant motion is going to be done must be selected such that, eq. (15) can be satisfied with the internal forces within this allowable range. Fig. 5 (a) shows the inherent rotational stiffness at the end effector, and the three different desired rotational stiffnesses in the range from rey=0.24m to rey=0.39 m (see Fig. 5 (b) ). The required internal forces to realize these desired rotational stiffnesses are shown in Fig. 6 It is clear that to obtain the desired rotational stiffnesses at the extended configurations of the mechanism requires extremely large internal forces.
The values of joint stiffnesses and the link lengths for the Figs. 5 and 6 were selected as The compliance center of a mechanism is located at such a point that, any arbitrary force passing through this point yields only translational displacement along the direction of the applied force (Fig. 7) . In the case of assembly applications where the mechanism is in contact with the environment, the compliance center must be as close to contact point as possible in order to achieve the assembly process show the rotational deflection of the end effector around the point where the external force is applied, for different modes of internal forces. In the case of Fig. 8 (b) , the external force is applied at the inherent compliance center (see Fig. 8 (a) ). Therefore, However, in the case of Fig. 9 (b) the external force is applied at a point away from the inherent compliance center (see Fig. 9 (a) ), hence, even for the case of no internal force, there is a rotational deflection indicating that there exists a non-diagonal element in the inherent compliance matrix relating the rotational motion to the lateral force Fx. As the compressive internal force is increased, the deflection approaching to the point where the external force is applied. The results are for the mechanism with the configuration shown in Fig. 4 (c) . The joint stiffnesses and the link lengths are set to the same values as in section 3.
The required internal force to shift the compliance center from the inherent compliance center to a new desired point is found by substituting eqs. (9) and (11) into eq. (20) and solving for the internal force fI that leads to the diagonalization of matrix Ka,
Here, "h=(rey-roy)" is the distance from the inherent compliance center to the desired compliance center. As it is clear from eq. (21), the amount of internal force to obtain the same h will differ for each configuration of the mechanism as well as the link lengths and joint stiffnesses. In other words eq. (21) indicates that, it is possible to change the range of "h" by either changing the joint stiffnesses, the link parameters or the configuration of the mechanism. Also, it is clear that, the amount of internal force to shift the compliance center is strongly related to the length of lo2.
As lo2 becomes smaller we need more internal force. Equation (21) is plotted in Fig. 10 Fig. 11 (b) ) and as a result the mechanism will be unstable. The suitable configuration must be decided taking all these factors into account.
Conclusion
Based on the fact that, the internal forces in closed chain mechanisms generate an additional stiffness which is clearly distinguished from the inherent stiffness of the mechanisms, we showed how to utilize the internal forces in compliance control and shifting the compliance center from one location to another in a planar closed chain mechanism while keeping the inherent stiffness of the mechanism unchanged. However, to achieve the compliance control in all directions and/or to be able to locate the compliance center at any arbitrary location is not possible unless abundant number of redundant actuators are used. To avoid this, we have limited our scope to the cases of the compliance control in rotational directions only.
For this reason, we have selected special geometrical configurations of the mechanism that will allow us to control the rotational compliance via internal forces independently from the compliance of the other directions. One such configuration is that of Fig. 4 (c) . In this configuration, the links on the arms have the same lengths and the active joints are set to the same stiffness. To operate with such a configuration allows us to use only one redundant actuator for generating the rotational stiffness. This configuration also allows design problem which will be considered in our future studies. To obtain different ranges for "h" can be achieved by changing the mechanical structure of the mechanism in the form of the link lengths, joint stiffnesses, location of the end effector, etc.
The planar closed chain mechanism that we analyzed in this paper can be used in two ways: either as a parallel manipulator or as a compliance device attached to the end of a serial link manipulator.
The concept of this study is more applicable to the latter case, since in this case the deviations in the position and orientation of the mechanism will be very small. Once the desired task is specified, the mechanism can be set to a suitable configuration such that, the small movements will be confined around this configuration. Then, during the task, the rotational compliance of the end effector and/or the compliance center can be changed to the desired value by only controlling the internal forces.
